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The trend of volume reflection parameters (deflection angle and efficiency) in a bent (110) silicon
crystal has been investigated as a function of the crystal curvature with 400 GeV=c protons on the H8
beam line at the CERN Super Proton Synchrotron. This Letter describes the analysis performed at six
different curvatures showing that the optimal radius for volume reflection is approximately 10 times
greater than the critical radius for channeling. A strong scattering of the beam by the planar potential is
also observed for a bend radius close to the critical one.
DOI: 10.1103/PhysRevLett.101.234801 PACS numbers: 29.27.a, 42.79.Ag, 61.85.+p
When high-energy charged particles enter a crystal
with a small incidence angle with respect to the crystal
planes (0), their motion in the transverse direction is
determined by UðxÞ, the crystal potential averaged along
the planes. If j0j is smaller than a critical value c ¼
ð2U0=pvÞ1=2 (where p and v are the particle momen-
tum and velocity andU0 is the planar potential well depth),
the particle can be captured in the channeling regime,
oscillating between two neighboring planes. The angu-
lar acceptance for channeling is thus of c. c is
about 10 rad for 400 GeV=c protons in a (110) silicon
crystal.
Even when the crystal is bent, particles can be channeled
(and thus deflected) if the bend radius R is greater than a
critical value Rc ¼ pv=eEm [1], where Em is the maxi-
mum strength of the electric field in the channel. For a
(110) silicon crystal, Em  6 GV=cm and for 400 GeV=c
protons Rc ¼ 68 cm.
The transverse motion of a channeled particle in a bent
crystal is governed by the effective potential [2]
Uefðx; FcÞ ¼ UðxÞ þ Fcx, where Fc ¼ pv=R is the cen-
trifugal force and the x coordinate is measured in the
direction opposite to the radial one (Fig. 1). The centrifugal
term leads to the inclination of the effective potential and
to the reduction of the outer wall in each channel. This
effect, in turn, decreases the critical channeling angle, the
capture probability Pc of particles into the channeling
regime and the dechanneling length Ld [2–4]. The poten-
tial well fully disappears and the channeling regime is no
longer possible, when the bend radius R is equal or smaller
than Rc.
In a bend crystal with R> Rc, if j0j> c, the particle is
not captured into the channeling regime at the crystal
entrance. However, if the particle momentum has a tan-
gency point with the bent planes within the crystal volume,
the effect of volume reflection (VR) can take place [5,6].
Because of this effect almost all particles are deflected to
the opposite direction with respect to the crystal bending.
A beam deflection with efficiency greater than 95% due to
VR has been experimentally observed at the CERN SPS
with 400 GeV=c protons [7]. Moreover, VR can deflect
particles in a range of 0 much wider than for channeling.
This range is equal to the crystal bend angle.
This Letter presents the measurements of the VR pa-
rameters—the mean deflection angle vr, its rms deviation
vr and the efficiency Pvr—as a function of the bend
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radius R of a (110) silicon strip crystal. Results are com-
pared with Monte Carlo (MC) simulation and analytical
calculations.
As experimentally observed, if 0 > c, most of the
incident particles are deflected because of VR to a direc-
tion opposite to the crystal bending by an angle of about
1:5c. A small part of them, on the contrary, is captured
into the channeling regime along the tangency area (vol-
ume capture, VC), once their transverse momentum has
been reduced by multiple scattering with the crystal nuclei
and electrons [8,9]. The VC probability dependence on the
crystal radius R is approximately linear (PvcðRÞ  Rc=Ld
[10,11]) due to a linear increase of the tangency region
length with increasing R. Since VC limits the VR effi-
ciency, that is PvrðRÞ ¼ 1 PvcðRÞ, the VC dependence
on R translates in a linear decrease of the VR efficiency
with increasing R.
It is shown in [5,6] that in a bent crystal the distribution
of the particle deflection angles due to VR is broadened if
the centrifugal force Fc acting on the particles increases,
which means that for particles of a given energy E a larger
crystal curvature leads to a smaller vr and a larger vr.
Such a change of the VR parameters becomes clear when
the effective potential variation as a function of the crystal
curvature is considered (Fig. 1). VR occurs near the turning
points of quasichanneled particles in the effective potential
of a bent crystal, where the particles radial velocity
changes its sign.
For a small crystal curvature, that is R Rc, the turning
points of all particles gather in a narrow region near the
inner wall of a planar channel [Fig. 1(a)]. The strong
electric field of the crystal plane is directed along R and
at the turning points it imparts to the particle an angular
deflection towards the opposite direction with respect to
the crystal bending, producing volume reflection. For
larger crystal curvatures, the turning region of the effective
potential increases. This decreases the electric field value
at the lower boundary of the turning region and therefore,
the average deflection angle due to VR becomes smaller.
At the same time, the range of field values near the turning
points gets larger and this increases the spread of the
particles deflection angles.
For crystal bend radii R  Rc, the channel potential well
disappears and the radial momentum turning of particles in
the effective potential can occur anywhere across the chan-
nel. For particles whose turning points are located near the
channel outer wall, the electric field of the plane, which is
directed opposite to R, gives an angular deflection towards
the bending side. Therefore, the particle deflection angle
averaged over the turning point positions in the effective
potential across a whole channel becomes close to zero.
The experimental setup to collect the data presented in
this Letter consisted of four double-sided microstrip silicon
detectors [SiX in Fig. 2(a)] for single track reconstruction
with an intrinsic angular resolution of 0:4 rad, which is
FIG. 1. The effective potentials for the (110) planes of a silicon
crystal bent with a radius R ¼ 35:71 m (a) and 3.76 m (b) for
400 GeV=c protons. The coordinate x is measured in the direc-
tion opposite to the radial one; dp ¼ 1:92 A is the planar
channel width (distance between the two walls of each potential
well) and Uef ¼ ðpv=RÞdp is the potential inclination along
the channel. The trajectory of a particle being reflected with a
turning point in the fourth channel is shown. The position of the
corresponding reflecting plane is shown by a vertical dashed line
at x ¼ 4dp. The thicker lines show the turning point regions.
FIG. 2 (color online). (a) Experimental layout on the H8 beam line at the CERN SPS. Si1-Si4 are the silicon microstrip detectors, g
is the goniometer. (b) View of the (110) silicon crystal strip bent along its height (principal bending). The anticlastic bending with a
radius R generated along the strip width has been used for the beam deflection. The beam axis line is shown and the dimensions of the
crystal given in mm.
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negligible with respect to the total resolution (about
3 rad) due mainly to multiple scattering in the detector
material and in the air. A 70 2 0:5 mm3 silicon crystal
strip obtained from a wafer by means of anisotropic chemi-
cal etching [12] was used. Its largest faces are parallel to
the (110) crystallographic planes and it was bent along its
length [Fig. 2(b)]. The anticlastic curvature acquired along
the crystal width was used for the beam deflection as it was
first suggested in [13] and was changed by changing the
principal bend radius of the crystal itself.
The particle deflection angle was computed as out  in
where in is the incoming angle of a particle to the crystal
(reconstructed with Si1 and Si2) and out is the outgoing
angle, measured with Si2 and either Si3 or Si4. To select
only particles hitting the crystal and to reduce background
events, requirements on the horizontal and vertical posi-
tions of the particle impact point on the crystal were
imposed.
The crystal was positioned on a high precision goniom-
eter (g in Fig. 2(a)] that allowed to align it with respect to
the beam. When the crystallographic planes are far from
the beam axis direction, particles experience the usual
multiple Coulomb scattering in the crystal. In this case,
the deflection angle distribution has a Gaussian shape with
mean am and rms deviationam which has been measured
to be ð5:59 0:11Þ rad. For specific crystal orientations,
the beam is deflected due to either channeling or VR with
mean values ch and vr, respectively.
The crystal has been aligned at the maximal channeling
position and, in the assumption of a uniform bending, the
crystal bend radius R has been obtained from the channel-
ing deflection angle ch as R ¼ L=ch where L is the
crystal length along the beam direction (2 mm). The values
for R obtained in this way are listed in Table I. The smallest
bend radius, R ¼ 2:41 m, is about 3 times greater than Rc.
The definitions of the VR main parameters are illus-
trated in Fig. 3, where the angular distributions of protons
for two bend radii (8.7 m and 36.62 m) are shown. A
Gaussian fit to the deflection angle distributions gives the
mean vr and its rms deviation vr. The value of vr þ
3vr determines the boundary between the volume-
reflected portion of the beam and the nonreflected beam,
which is due to the volume capture of protons, and allows
to compute the VR inefficiency ". Finally,  vr ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2vr  2am
p
describes the angular spread due to the po-
tential scattering of protons in the crystal.
The results are shown in Table I. The systematic errors
have been estimated changing the cuts both in angles and
positions of the particles on the crystal. The resulting
variation in the parameters values could be caused by the
presence of some nonuniformity of the crystal anticlastic
bending.
Figure 4 shows the experimental dependencies of vr
and vr on the crystal curvature and the dependence of "
on the crystal bend radius R. In the measured range the
mean deflection angle vr decreases approximately line-
arly as the curvature increases. This is similar to the
dependence of the critical channeling angle in case of
moderate crystal bending [2,3] (cðRÞ  1 Rc=R). As
in the case of c whose decrease is caused by the decrease
of the potential well depth, the decrease of vr occurs
because the effective potential tends to a straight line.
On the contrary, the rms deviation vr increases ap-
proximately linearly within the measured range of crystal
curvatures. This increase is caused by the increase in the
spread of the electric field strength near the turning points
in the effective potential. The results of a simulation based
on the model of planar channeling in a bent crystal
(PCinBC) developed in [9] and the results obtained by
using the explicit expression for the VR deflection angle
[14] are both shown in Fig. 4. The silicon atom potential
obtained through the experimental x-ray scattering factors
was used in both cases. According to this model, vr
TABLE I. VR parameters for the different crystal bend radii R.
RðmÞ vr (rad)  vr (rad) " (%)
2.41 5:43 0:10 0:64 6:39 0:08 0:47 1:56 0:11 0:1
3.76 8:68 0:14 1:19 4:50 0:12 0:42 2:07 0:21 0:8
4.49 9:89 0:09 0:68 3:80 0:08 0:33 2:64 0:16 0:4
8.7 12:48 0:08 0:45 1:76 0:07 0:17 3:98 0:19 0:2
20.85 13:90 0:16 0:49 1:68 0:15 0:22 5:52 0:31 0:9
35.71 14:08 0:11 0:41 1:10 0:11 0:09 6:22 0:38 1:5
FIG. 3. The deflection angle distribution of the 400 GeV=c
proton beam due to VR in the (110) silicon crystal bent with R ¼
35:71 m (a) and R ¼ 3:76 m (b). The parameters of the Gaussian
fit: the mean deflection angle vr ¼ 14:08 rad (a) and
8:68 rad (b); the rms deviation vr ¼ 5:70 rad (a) and
7:28 rad (b). The hatched histogram area with angles smaller
than vr þ 3vr defines the VR efficiency Pvr.
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achieves its maximum value at a bend radius of about 1.1 m
(approximately 1:6Rc), and decreases with decreasing R
because the effective potential becomes closer to a straight
line. The reflection inefficiency " increases with R since
the VC probability increases. The simulation results show
an almost linear dependence as expected by the theoretical
estimation for the VC probability.
The agreement between the experimental data, the ana-
lytical approach and the MC simulation is fairly good. The
discrepancy could be the result of a nonuniformity of the
anticlastic bending so that the real curvature in the middle
of the crystal is greater than the average one.
Taking into account the observed dependences of the VR
parameters on R, an optimal bend radius for a short silicon
crystal for beam deflection due to VR is found to be about
10Rc. This value maximizes the product of the deflection
angle times the reflection efficiency times the angular
acceptance. The increase of R gives larger vr but de-
creases the efficiency and the angular acceptance. To ob-
tain the same acceptance, the crystal length should be
increased but this generates more particle losses in inelas-
tic interactions with the crystal nuclei.
A strong potential scattering of particles for R close to
Rc shows that such a crystal can be used as an effective
scatterer. The thickness of the crystal scatterer can be
reduced down to the wavelength of the particle oscillations
in the planar channel (60 m for 400 GeV protons and
250 m for 7 TeV protons). In this way the inelastic losses
of particles in the scatterer can be minimized.
The experimental studies performed by the H8RD22
collaboration show that a short bent crystal (or a sequence
of them) in the VR operational mode can be used as a
primary collimator for modern hadron colliders where the
collimation system is fundamental to protect the accelera-
tor components from radiation damage and to reduce the
experiments background. Such a crystal collimator can
deflect the beam halo particles directing them into a sec-
ondary collimator whereas a standard amorphous primary
collimator scatters particles in both sides around the initial
direction. A crystal primary collimator would increase the
efficiency of the collimation system, reducing impedance
and the requirements on the alignment of the secondary
collimator.
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FIG. 4. The dependencies of the VR parameters on the crystal
curvature and the bending radius R: (a) the deflection angle vr
(dots) and its rms deviation due to the potential scattering  vr
(squares), (b) the VR inefficiency ".
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